Spontaneous CP violation motivates the introduction of two Higgs doublets in the electroweak theory, such a simple extension of the standard model has five physical Higgs bosons and rich CPviolating sources. Exploration on more than one Higgs boson is a direct evidence for new physics beyond the standard model. The neutral Higgs production at LHC is investigated in such a general two Higgs doublet model with spontaneous CP violation, it is shown that the production cross section and decays of the neutral Higgs boson can significantly be different from the predictions from the standard model.
I. INTRODUCTION
In the standard model(SM), the fermions and gauge bosons get masses through Higgs mechanism with a single weak-isospin doublet Higgs field. After the electroweak symmetry breaking, three Goldstone modes were absorbed to build up the longitudinal W and Z gauge bosons, only one physical scalar called the SM Higgs boson is left. Although the value of the Higgs mass can not be predicted in the SM, for the theoretical self-consistence, the unitarity [1] require m h < 1 TeV. On the other hand, the analysis of all the LEP measurements [2] leads to the best fitting Higgs mass m h = 114 +69 −45 GeV or the one-side 95% CL upper limit of m h < 260GeV. Once the Higgs mass is known in the SM, the properties of the Higgs boson, such as the decay width and production cross section, can be predicted. Nevertheless, if there exists new physics beyond the SM, the production cross section and decay width of the Higgs boson as well as the mass constraint to the Higgs boson can be different.
It has been shown that if the SM Higgs mass lies between 130 and 200Gev [3] , the SM can in general be valid at energy scales all the way up to the Planck scale. Nevertheless, the SM cannot be a fundamental theory, there are still some unknown puzzles in the SM, such as the origin of CP violation, the smallness of neutrino masses, the dark matter and so on. They all suggest the existence of new physics beyond the SM. Thus, many extensions or modifications of the SM have been studied. In this paper, we are going to focus on the simplest extension of the SM with adding an extra Higgs double motivated from spontaneous CP violation(SCPV) [4] [5] [6] [7] [8] , such a general two Higgs doublet model (2HDM) with spontaneous CP violation is also called type III 2HDM. It has been shown that if one Higgs doublet is needed for the mass generation, then the additional extra Higgs doublet is necessary for the origin of CP violation, so that the CP violation is originated from a single relative phase of two vacuum expectation values, which gives not only an explanation for the Kobayashi-Maskawa CP -violating mechanism [9] in the standard model, but also leads to a new type of CP -violating source [6, 7] which has been studied broadly.
The complex Higgs doublets in the type III 2HDM are generally expressed as [6, 7, 10 ]
and the Higgs potential is
Φ
The Yukawa interaction terms have the following general form
where η (k) ij and ξ (k) ij are real Yukawa coupling constants, so that the interactions are CP invariant. The major issue with respect to the model is that it allows flavor changing neutral current (FCNC) at the tree level through the neutral Higgs boson exchanges, which should strongly be suppressed based on the experimental observations. In order to prevent the FCNC at the tree level, an ad hoc discrete symmetry [11] is often imposed:
which leads to the so called Type I and Type II 2HDM relying on whether the up-and downtype quarks are coupled to the same or different Higgs doublet respectively. Some interesting phenomena for various cases in such types of models without FCNC have been investigated in detail in Refs. [12, 13] . When the discrete symmetry was introduced, there will be µ 12 = 0 and λ 6 = λ 7 = 0 which implies no spontaneous CP violation any more [14] . It should be noted that the supersymmetry also requires more than one Higgs doublet. The Higgs sector and the relevant Yukawa interactions in the minimal supersymmetric standard model (MSSM) is analogous to the type II 2HDM. As the FCNC is the interesting phenomena observed in experiments in the weak interactions though it is strongly suppressed, we shall abandon the discrete symmetries and consider the small off-diagonal Yukawa couplings concerning the FCNC, the naturalness for such small Yukawa couplings may be understood from the approximate global U(1) family symmetries [6, 7, [15] [16] [17] . This may be explained as follows: if all the up-type quarks and also the down-type quarks have the same masses and no mixing, the theory has an U(3) family symmetry for three generation, while when all quarks have different masses but remain no mixing, the theory has the U(1) ⊗ U(1) ⊗ U(1) family symmetries and the Cabibbo-Kobayashi-Maskawa quark-mixing matrix is a unit matrix, in this case both the direct FCNC and induced FCNC are absent. In the real world, there are some FCNC processes observed, thus the U(1) family symmetries should be broken down. As all the observed FCNC processes are strongly suppressed, the theory should possess approximate U(1) family symmetries with small off-diagnoal mixing among the generations. In this sense, the approximate U(1) family symmetries are enough to ensure the naturalness of the observed smallness of FCNC. After spontaneous symmetry breaking, the neutral Higgs bosons will get the vacuum expectation values
where one of the phases can be rotated away due to the global U(1) symmetry. Without losing generality, we may take δ 1 = 0 and δ 2 = δ. It is then convenient to make a unitary transformation
with U = cos β sin βe
and tan β = v 2 /v 1 . After making the above transformation, we can re-express the Higgs doublets as follows:
and v ≃ 246GeV which is the same as in the standard model. Thus the Higgs doublet H 1 in the new basis plays the role of the standard model Higgs and gives masses to the gauge bosons (m W = gv/2) and quarks and leptons. The Fermi constant is then given by the same value as in the standard model
2 ). The Higgs field G are the goldstone particles absorbed by the gauge bosons, while H ± are mass eigenstates of the charged scalar Higgs, and (φ 
where
As the Yukawa coupling terms η U and η D become complex due to the vacuum phase δ, the resulting mass matrices are also complex. It then requires a unitary transformation to diagonalize the mass matrices for transforming the quark and lepton fields from the weak interaction states to the mass eigenstates. In the mass eigenstates, the Yukawa interaction terms are given by
withξ
and
it can be seen that the scalar φ 
with M U ij and M D ij being the mass matrices. Thus in the Type II 2HDM, the Yukawa couplings are almost fixed by the masses of quarks and Cabibbo-Kobayashi-Maskawa matrix elements, the angle β or the ratio of two vacuum expectation values is manifestly an important parameter as it uniquely characterizes the amplitude of Yukawa couplings for the up-type quarks ξ U ij and down-type quarks ξ D ij in the mass eigenstates. The similar situation occurs for the minimal supersymmetric standard model(MSSM). When parameterizing the Yukawa couplings by using the quark mass scales,
where the smallness off-diagonal elements is characterized by the hierarchical mass scales of quarks and the parameters λ ij . In terms of this parametrization, one has the following simple relations in the Type II 2HDM
The situation is obviously different from the general Type III 2HDM with spontaneous CP violation, where each Higgs doublet couples to both up-type and down-type quarks, there are physically meaningful Yukawa coupling constants which are twice as the ones in the Type II 2HDM, thus the dependence on parameter β is not manifest as in the Type II 2HDM.
There are more free parameters in the Yukawa interactions, they are in general determined only through various experiments like in the standard model. Whereas it provides, from the phenomenological points of view, an interesting window for exploring possible new physics effects inspired from the Type III 2HDM with spontaneous CP violation. It is seen that an additionally imposed discrete symmetry is much stronger than the CP symmetry in the 2HDM. It would be interesting to have a detailed study for both the type II (or type I) 2HDM and type III 2HDM, as the type II or type I model was motivated from the assumption of natural flavor conservation, while type III model was initiated from the origin of CP violation with spontaneous symmetry breaking. It was observed in the Type III 2HDM [6, 7, 15] that the charged Higgs interactions involving the Yukawa couplingsξ U (D) in Eq. (11) lead to a new type of CP -violating FCNC even if the neutral current couplings ξ U (D) are diagonal. For the parameters concerning the third generation, we may express as
The general constraints on the FCNC and the relevant parameter spaces have been investigated in [10, [18] [19] [20] [21] [22] . Here we may consider the following three typical parameter spaces for the neutral Yukawa couplings of b-quark and t-quark ξ q / √ 2 = λ q m q /v,
Case C :
which is consistent with the current experimental constraints in the flavor sector including the B meson decays [23, 24] even when the neutral Higgs masses are taken to be the typical low values
For the charged Higgs mass, when
3), the lower bound for the charged Higgs mass can reach to be about m H + ∼ 160 GeV from the B 0 −B 0 mixing at the 1σ level (or about m H + ∼ 60GeV at 2σ level). In general, a smaller value of |ξ t | leads to a lower bound on the charged Higgs mass. The strong constraints may arise from the radiative bottom quark decay b → sγ. In fact, its mass was found to be severely constrained from the b → sγ decay in the Type II 2HDM, the lower bound on the charged Higgs mass can be as large as m H + ≃ 350 GeV, which is corresponding to the special case in the Type III 2HDM with the parameter |ξ t ||ξ b | ∼ 0.02(or |λ t λ b | ∼ 1) and a relative phase δ t − δ b = 180
• . Nevertheless, the constraints can significantly be relaxed in the Type III 2HDM due to the freedom of the parameters ξ t and ξ b as well as their relative phase (δ t −δ b ). In general, when the combined parameter |ξ t ||ξ b | becomes smaller, the resulting bound to the charged Higgs mass goes to be lower. While an interesting feature arises in the Type III 2HDM, when the relative phase makes the charged Higgs amplitude to interfere destructively with the standard model amplitude, the allowed charged Higgs mass can remain small even for a large value of combined parameter |ξ
, the allowed charged Higgs mass can be in all range for a large range of the relative phase (δ t − δ b ≃ π/4 ∼ π/2) [18] , even when taking the combined parameter to be large
, the resulting bound on the charge Higgs mass can still be as low as m H + ∼ 100 GeV for a certain range of the relative phase. Some strong constraints to the charged Higgs mass may arise from the neutron electric dipole momentum, but we shall not consider such possible constraints as it involves large uncertainties caused by the hadronic matrix elements and also receives various contributions from several CP-violating sources in the Type III 2HDM [6] . Some upper limit on the charged Higgs mass may arise from the ρ-parameter [18] , which needs a more precise measurement.
In 2HDM, there are three neutral and one charged Higgs bosons. The charged Higgs is totally different to the particles in SM, and its effect to lower-energy phenomenology and direct search have been studied by many authors. As there are more neutral Higgs, in paper [25] the authors discussed the pair production of the neutral Higgs gg → hh which is sensitive to the triple couplings in the Higgs potential. In our present paper, as we only study the neutral Higgs production and decays, which does not involve the charged Higgs boson and the triple couplings in the potential at lowest order, thus we may consider the allowed parameter space of ξ t and ξ b to be as large as possible, and take the combined parameter |ξ t ||ξ b | to range from |ξ t ||ξ b | = 0.02 to |ξ t ||ξ b | = 0.2, which is covered from the above given three typical parameter spaces. Where the values of |ξ t | are taken to be small so as to fit the constraints from the B 0 −B 0 mixing. For a large value of |ξ b |, it may naturally be resulted for a large value of tan β ∼ 30, but it is not a necessary requirement in the Type III 2HDM. For any given values of tan β, one can always find appropriate parameter space of ξ tt and η (2) tt to yield a small Yukawa coupling |ξ t | ≡ |ξ U tt | with simultaneously fitting the top quark mass. Therefore, we shall take the independent parameters |ξ t | and |ξ b | as the free parameters in the Type III 2HDM instead of using the parameter tan β which is unique in the Type II 2HDM and MSSM.
In the following sections, we shall calculate the neutral Higgs productions and decays with the above three typical Yukawa couplings and free neutral Higgs Masses (< 1TeV). We first consider the Higgs production in section II, and then the Higgs decay in section III. In section IV we shall discuss the effects of the mixing between the neutral Higgs bosons. Our conclusion is presented in the final section.
II. THE HIGGS PRODUCTIONS
According to QCD, the quarks and gluons are the fundamental degrees of freedom to participate in strong interactions at high energy, the QCD parton model plays a pivotal role in understanding hadron collisions [26, 27] . Due to the gluon luminosity, the gluon fusion is the main production channel of Higgs bosons in proton-proton collisions throughout the entire Higgs mass range both in SM and 2HDM, and the first prediction for the production cross section of the SM Higgs was carried out in [28] . The gluon-gluon couple to the higgs boson through the quark loop is shown in Fig.1 . Although the higher order corrections by QCD [29] [30] [31] [32] [33] [34] [35] and electroweak [36] to the process have been calculated and discussed, here we only take the lowest order for our present purpose as the parameters in 2HDM have not well been constrained and the uncertainty remains large. To lowest order, the parton cross section can be expressed as [30, 31] :
where y f is the Yukawa coupling of f -quark. The scaling variable is defined as
and the loop amplitude A f has the form
with
Namely if the Higgs mass is smaller than the threshold of the f -quark pair production, the amplitude is real, while above the threshold, the amplitude becomes complex according to the Cutkosky rule. As the Yukawa coupling of top-quark is much larger than the Yukawa coupling of bottom quark in SM, the Higgs production is mainly through the triangular loop of top quark, and the contributions from other quarks can be omitted. While for the new neutral Higgs boson in 2HDM, the situation can be different due to the possible large Yukawa couplings of the b-quarks such as shown in Eq. (18) . The running strong coupling α s (µ) is known to be as follows [37] :
where:
with α s (m t = 174GeV) = 0.108. This formula is valid at µ > m b with f = 5 when m b < µ < m t and f = 6 when µ > m t . The corresponding hadronic cross section σ can be obtained by convolution with the gluon-gluon luminosity L(ω):
where S = 2P 1 · P 2 is the center-of-mass energy of the proton-proton collisions, and g i is the Parton Distribution Function (PDF, [38] ) of the gluon from the i-th incoming proton. We have shown in Fig.2 the production cross-section on LHC for the neutral Higgs bosons with the three typical Yukawa couplings mentioned in the previous section (Eq. (18)). Where h denotes the SM-like Higgs in the 2HDM and H the new Higgs boson in the 2HDM. From the figure one can see that when the Higgs masses are light (< 200 GeV), the production cross-section for H is larger than the one for h. The reason is that at the lower mass the light quark contributions to the Higgs H production can not be omitted for the possible large Yukawa couplings. When the Higgs mass goes to be heavy, the loop contributions from top quark become dominant, as the top quark Yukawa coupling of H is smaller than the one of h, thus the production cross section of H is smaller than the one of h when they are heavy.
Note that as the SM Higgs is similar to h in the 2HDM when neglecting the possible mixing among neutral Higgs bosons, therefore it is hard to distinguish with the SM Higgs, unless the charged Higgs is very light, so that h in the 2HDM can decay to H + H − , while the vertex comes from the Higgs potential which is strongly model-dependent. In this note, we will not consider the possible charged Higgs effect to the neutral Higgs decay modes. We are going to pay attention to the neutral Higgs mixing effect which also make the h in the 2HDM differ to the SM Higgs. It is seen that when the masses of h and H are both at 200GeV ∼ 300GeV, the cross section of h and H are similar, but it will be shown below that they have very different decay modes.
In general, the Yukawa couplings of the new neutral Higgs bosons can be complex, namely one can write ξ q = |ξ q |e iδq , so that the Yukawa interactions of the neutral Higgs bosons in Eq.(11) can be written into two parts:
where the second part leads to additional contributions through a kind of anomaly loop diagrams, the resulting amplitude has the following form [39, 40] :
where the a and b are the color index and the function B f (τ f ) is given by
where F (τ ) is defined as Es. (23) . The cross section is calculated as the function of δ t with δ b = 0 and δ b = π/4 plotted in Fig.3 , and as the function of δ b with δ t = 0 and δ t = π/4 plotted in Fig.4 , where we have also considered three typical cases given in Eq. (18) with the absolute values of the Yukawa couplings. It can be seen from the figures that: For the case A, the effect of the phase in top quark Yukawa coupling becomes significant when the mass of the Higgs H increases, which is very different from the case with real Yukawa couplings and implies that the top quark loop contribution to the cross-section in gluon-gluon fusion is dominant for a heavy Higgs H, while for a light Higgs H, the bottom quark contribution becomes important. However, the situation becomes different for the case B and case C when the top quark Yukawa coupling goes to be small, especially for the case C where the bottom quark loop contribution becomes dominant, and the phase of the top quark Yukawa coupling has less effect to the cross-section.
III. THE HIGGS DECAYS
As the neutral Higgs bosons cannot be directly detected, they are probed only through the final states of their decays. For the SM-like Higgs h in the general 2HDM, without considering the mixings among the neutral Higgs, it has the same Yukawa coupling as the Higgs in SM at tree level (except the couplings with other Higgs). As shown in Fig.5 , which likes the SM Higgs decay [41] , when its mass is lower than the WW threshold, the bb pair production is a dominant decay mode. However, the process h → γγ is also sizable as shown in Fig.5 , which is known to be a golden channel for detecting the light neutral Higgs due to the clean background.
It can also be seen from 
It is seen that without considering the mixing among the neutral Higgs bosons, namely the neutral Higgs gauge interaction eigenstates (φ 3 ) are the same as the mass eighenstates (h, H, A), there are no direct W W H and ZZH interactions, this is because the vacuum expectation value of the Higgs doublet H 2 in a rotating basis vanishes, H 2 = 0. In this special case, the Higgs H cannot decay to W W and ZZ at the tree level, thus the ff channels are always the dominant decay modes of H for its whole mass range. As there is no symmetry to forbid the mixing among the neutral Higgs bosons, in general we shall consider the mixing among the Higgs bosons which will be discussed later on.
A. The γγ, W W and ZZ Modes
The SM-like neutral Higgs h with mass M decays to γγ through the fermion-loop and W-loop as shown in Fig.6 , the decay width is given by:
where the color factor N c is 3 for quarks and 1 for leptons. The amplitude A W is contributed from the W-loop [31] :
As discussed in [31] , the W-loop contribution is dominated when the Higgs mass is below 600 GeV. For the new neutral Higgs decay H → γγ, its decay width is smaller than the one of h when the Higgs mass is below 600 GeV , this is because there is no W-loop contribution to H → γγ. While the total decay width of H can be larger than the one of h as the H → bb can be dominated and much larger than h → bb due to a possible larger Yukawa coupling. Thus the Branching Ratio of H → γγ is very small in comparison with Br(h → γγ) as shown in Fig.7 . If the Higgs boson is very heavy, the W W , ZZ, tt channels open and become dominant. The fractional widths of the SM-like Higgs h decaying to W W and ZZ at tree level are given by [37] :
with M is mass of the SM-like Higgs.
Note that the new neutral Higgs H cannot decay to W W and ZZ at tree level without considering the mixing with the Higgs h which is going to be discussed in section IV.
B. H/h →f f Decay
The fermion decay modes are dominated for both h and H when their masses are below the threshold of W W pair production. At tree level the fractional width of the higgs (both h and H) decays to fermion-antifermion pair is given by
which shows that when the Higgs mass M is much larger than the fermion mass m f , the decay width is proportional to the Higgs mass. For the new neutral Higgs H, all other channels can in general be omitted in comparing with the ff channels when neglecting the large mixing effects between H and h. As the H can not decay to W W and ZZ at tree level, the branching ratio of ff is approximately given by the ratio
f , which is independent on the Higgs mass as shown in Fig.8 . For the neutral Higgs H, the Yukawa coupling of the bottom quark is taken to be larger than the one of top quark in our present consideration, thus the H → bb decay width is always larger than the H → tt decay width as shown in Fig.8 . However, H → bb is overwhelmed by the combinatorial background from QCD b-jets production with σ(gg → bb) ≈ 500µb. As a matter of fact, the H → bb channel is now considered inaccessible at the LHC [42] and it seems to be left open to study only at a next linear collider [43, 44] . Nevertheless, at LHC there are some other processes to be hoped, such as the associated production modes W ± H(bb) and ZH(bb) [45] , and γγ → H → bb [46] in proton-lead (p Pb) interactions. For the SM-like Higgs h, the situation is different as the Yukawa couplings are proportional to the fermion masses, ξ f ∼ m f , its decay width to heavy quarks is larger than the one to light quarks. And when the SM-like Higgs is lighter than the threshold of W W , the h → bb is the main decay mode but also overwhelmed by the QCD background, so that the h → γγ studied as the golden channel to detect a light Higgs.
with the current experimental bounds from the flavor sector even when the Higgs boson mass is as low as M ≃ 160 GeV. It has been seen that when h and H are both light, i.e., M < 200 GeV, the production cross section of H is in general larger than the one of h, while for M > 200 GeV, the production cross section of h becomes larger than the one of H. As the Yukawa couplings of H can be complex, its production cross section can strongly rely on the CP -violating phase and be affected significantly. The bb decay mode is the dominant channel for both h and H, while the H → γγ and H → gg are both smaller than h → γγ and h → gg, thus it is not difficult to distinguish them. The SM-like Higgs h can be detected via the golden channel h → ZZ → 4l, while the new neutral Higgs H has no such a channel at tree level if without considering the neutral Higgs mixing, it is mainly detected via H →bb as it can be very different from h →bb due to different Yukawa coupling. When the mixing between h and H becomes very large and their mass difference is very small, it is then not very easy to distinguish them from the production signals. It is noted that LHC does not favor 2HDM with all parameter spaces, especially in the decoupling limit with a small Yukawa coupling ξ f ≪ m f /v and a small mixing θ ≃ 0 between h and H, in this case h looks the same as the SM Higgs and it then becomes hard to detect the new Higgs bosons, thus one is not able to distinguish the Type III 2HDM and SM from a direct detection. In general, the mixing between the neutral Higgs bosons h and H is characterized by a free parameter θ which can be large, so that the production cross section and decays of the neutral Higgs boson can significantly be different from the predictions from the standard model. It would be very interesting to search for the possible new Higgs boson effects at LHC or at ILC. 
